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Single-atom catalysts (SACs) combine the best of two worlds by bridging heterogeneous and
homogeneous catalysis. The superior catalytic properties of SACs, however, can hardly be exploited
without a suitable substrate. Here, we explore the possibility of using hybrid organic-inorganic
perovskites as supporting materials for single transition-metal atoms. By means of first-principles
calculations, we predict that single Pt atoms can be incorporated into methylammonium lead iodide
surfaces by replacing the methylammonium groups at the outermost layer. The iodide anions at
the surface provide potentially uniform anchoring sites for the Pt atoms and donate electrons,
generating negatively-charged Ptδ−1 species that allow for preferential O2 adsorption in the presence
of CO. Such Pt sites are able to catalyze CO oxidation and may also play a role in CO2 reduction.
The fundamental understanding generated here will shed light on potential applications of hybrid
perovskites in the field of (photo)catalysis.
Platinum as a catalyst plays a central role in energy
conversion, pollution remediation, and petrochemical in-
dustry. Owing to the scarcity of the element, it is highly
desirable to downsize Pt particles as much as possible.
Considerable effort has been devoted to synthesizing and
dispersing sub-nano Pt clusters [1, 2], whose size can
be reduced to the ultimate form of single atoms [3–12].
While such type of catalysts exhibits superior properties
in different reactions, single atoms need to be anchored
on support materials [13, 14]. A suitable substrate should
be able to prevent aggregation of single atoms but pre-
serve their catalytic activity at the same time. Optimal
selectivity of a reaction is expected when the atoms are
uniformly distributed on the substrate, where all anchor-
ing sites are atomically equivalent [15]. Depositing single
atoms on a photoactive support material offers further
strategies for designing photocatalysts [9, 16]. Despite
being a challenge, integrating all the above features in
one substrate is of great importance for tailoring single-
atom catalysts with extraordinary performance.
Hybrid organic-inorganic perovskites (HOIPs), with
the chemical formula ABX3, consist of organic cations
A+ and an inorganic anionic framework BX−3 [17]. Be-
sides suitable band gaps for harvesting sunlight, they
exhibit fascinating properties like high optical absorp-
tion, electrically benign dominating defects, high charge-
carrier lifetimes, low effective carrier masses, and long
diffusion lengths [18, 19]. Their optoelectronic proper-
ties can also be tuned through independent substitutions
on the A, B, and X sites [17, 18]. Among the various
combinations, methylammonium lead iodide (MAPbI3,
MA=CH3NH3) is the most widely studied HOIP. While
most research on HOIPs is aimed at photoexcitations and
photovoltaic applications, the materials have recently
been demonstrated to exhibit great potential in the field
of heterogeneous photocatalysis [20–24].
Combining single-atom catalysis and hybrid organic-
inorganic perovskites may bring about novel catalytic
systems with extraordinary performance. Not only the
presence of transition-metal SACs can effectively enhance
the interaction between HOIPs and reactant molecules,
thereby promoting the activation of molecular chemical
bonds; also, HOIP substrates could induce distinct cat-
alytic properties to the transition-metal SACs. More-
over, the unique lattice structure for providing regular
surface patterns and the outstanding ability of absorb-
ing sunlight also call for employing HOIPs like MAPbI3
as a potential substrate for SACs. In the present work,
we investigate this possibility through a first-principles
study. We focus on CO oxidation, a seemingly simple
but prototypical reaction [25, 26], to examine the cor-
responding catalytic properties. Such process can take
place at room temperature [27, 28] and does not involve
water molecules that may deteriorate the stability of the
MAPbI3 lattice [29–32]. The MAI-terminated (110) and
(001) surfaces of tetragonal MAPbI3 are adopted as the
supporting substrates. Such type of termination, which
was theoretically predicted to be much more stable than
that of PbI2 [33, 34], has been experimentally verified
by scanning tunneling microscopy [35, 36]. We find that
single Pt atoms can adsorb on MAPbI3 by replacing sur-
face MA groups, while it is thermodynamically unfavor-
able for single atoms of Cu, Ag, Au, and Pd. Here, each
Pt atom is bound to an anchor site that is composed by
four I− anions. Charge transfer from the anionic PbI−3
framework makes the Pt1 species negatively charged, in
contrast to the cationic Ptδ+1 active sites that were consis-
tently reported in previous studies [3–11]. Importantly,
we find that O2 can preferentially occupy the Pt sites and
become activated, even though CO molecules coexist. By
demonstrating the feasibility of catalytic CO oxidation,
our work sheds light on potential applications of hybrid
perovskites in (photo)catalysis.
The substrates were simulated using slab models, con-
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2sisting of four layers of the MAPbI3 unit and being ter-
minated by MA groups at the top. Each layer has four
MA+ cations, corresponding to a 2×2 unit cell for the
(110) orientation and a
√
2 × √2-R45◦ unit cell for the
(001) one. As such, the surface unit cell contains 192
atoms. The bulk lattice parameters (a = 8.800 A˚, c =
12.685 A˚) were taken from experiments by Kawamura
and coworkers [37]. All calculations were performed using
spin-polarized density functional theory (DFT) as imple-
mented in VASP [38, 39], employing the projector aug-
mented wave (PAW) method [40]. A plane-wave energy
cutoff of 400 eV was used. Exchange-correlation inter-
actions were described by the optB86b-vdW functional
[41, 42], which was found to perform very well in simi-
lar systems [43]. The Brillouin zone (BZ) was sampled
using a 3×3×1 Monkhorst−Pack grid [44]. To eliminate
spurious interactions between images, a 16-A˚ vacuum re-
gion was added in the vertical direction, and a dipole
correction was applied to the total energies. The atomic
coordinates in the top two formula units were relaxed un-
til the maximum residual force was less than 0.03 eV/A˚.
The transition states were located by using the climbing-
image nudged elastic band method [45] and the dimer
method [46] with a force criterion of 0.05 eV/A˚ for atomic
relaxations.
In the bulk, MA+ cations are confined within the an-
ionic framework by a strong electrostatic potential [17].
At the surface layer, by contrast, the negatively charged
PbI−3 cages are open and as such, the MA species may be
replaced. To investigate this possibility, we consider the
replacement of MA by a single atom of transition-metals,
TM1 (TM = Cu, Pd, Ag, Pt, and Au). It is worth not-
ing that the MA group that is released from the cage is
a neutral radical, as the total number of electrons in the
substrate has to be conserved. The interaction between
TM1/MA and the MAPbI3 host, which lacks one surface
MA, is examined. The adsorption energy,
Eads = Ehost−TM1 − (Ehost + ETM1), (1)
is used to describe the interaction strength. Here, Ehost
and ETM1 are the energies of the host and the isolated
TM1 species, respectively, and Ehost−TM1 represents the
energy of the combined system with TM1 deposited on
the surface of the host. A negative Eads value corre-
sponds to exothermic adsorption. The adsorption ener-
gies of TM1/MA on both the (110) and the (001) surfaces
are listed in Table I. Interestingly, we find that among the
TABLE I: Adsorption energies (in eV) of the single transition-
metal atoms of Cu, Pd, Ag, Pt, and Au as well as MA on the
MAPbI3 (110) and (001) substrates.
Orientation Cu Pd Ag Pt Au MA
(110) -4.25 -3.87 -3.61 -5.23 -3.74 -4.56
(001) -4.06 -3.65 -3.38 -4.98 -3.58 -4.25
FIG. 1: Geometries of the Pt1@(110) system before (left) and
after (right) O2 adsorption. Purple and dark gray spheres
indicate the iodine and lead atoms of the cage, and steel blue
and red spheres represent the platinum and oxygen atoms.
The MA group is displayed as a stick model with carbon,
nitrogen, and hydrogen atoms depicted in light gray, blue,
and white, respectively.
five metal elements, only Pt exhibits a higher adsorption
energy than MA. This result demonstrates that one can
indeed implant single Pt atoms into the surface layer of
the substrate. A more detailed discussion on the sta-
bility of the anchored Pt1 species can be found in the
Supplemental Material [47]. Moreover, since the same
conclusion holds for both surfaces, such implantation is
expected to be independent on a particular orientation
of MAPbI3.
Upon deposition on the (110) substrate, the single Pt
atom is bonded to four iodine anions, as displayed in
the left panel of Fig. 1. This configuration could pro-
vide uniform anchoring sites for the potential single-atom
catalyst. Here, the Pt single atom forms covalent bonds
with the four neighboring iodine anions, which is demon-
strated by the density of states (DOS) in which the Pt d
orbitals substantially overlap with those of the iodine p
orbitals (Fig. S1). Bader charge analysis reveals that the
Pt atom carries a small amount of negative charge of 0.13
electrons, while the number of negative charges carried
by the surrounding iodine anions decreases from 0.51 to
0.36 upon the deposition (Fig. S2). The anionic PbI−3
framework, or more precisely, the nearby iodine anions,
share their extra electrons with Pt. Such electron trans-
fer reduces the overall electrostatic repulsion and further
increases the stability of the system (Fig. S3). Since the
iodine species here are intrinsically negatively charged,
the aforementioned charge transfer toward Pt is expected
to be general and does not depend on a specific pattern of
the Pt−I bonds. Calculations considering deposited Pt2
and Pt3 clusters (Figs. S4 and S5) confirm this suppo-
sition. Bader charge analysis demonstrates that the two
sub-nano clusters are also negatively charged, obtaining
0.47 and 0.70 electrons from the substrate, respectively.
The single Pt atom behaves as a potential adsorption
site for reactant molecules like O2, as demonstrated in the
following. In the right panel of Fig. 1, we present the
geometry of an adsorbed O2 molecule on the Pt1@(110)
3TABLE II: O−O bond length and amount of charge carried
by the O2 adsorbate.
System Length (A˚) Charge (e−)
O2/Pt1@(110) 1.35 0.64
O2/Pt2@(110) 1.40 0.59
O2/Pt3@(110) 1.39 0.59
O2/Pt1@(001) 1.35 0.68
O2 (isolated) 1.24 0.00
TABLE III: Adsorption energies of CO and molecular O2 on
Pt1@MAPbI3. Ead(CO/CO) and Ead(O2/CO) represent the
consecutive adsorption energies of CO and O2, respectively,
when another CO molecule has been adsorbed already.
Energy (eV) Pt1@(110) Pt1@(001)
Ead(CO) -1.68 -1.60
Ead(O2) -1.41 -1.27
Ead(CO/CO) -0.87 -0.90
Ead(O2/CO) -1.12 -0.79
system. Here, one of the two O atoms is bonded to the
Pt atom, whereas the other one connects with a Pb atom
nearby. Upon adsorption, the O2 molecule becomes acti-
vated, exhibiting an increased O−O bond length that is
0.11 A˚ longer than that of an isolated molecule. Such ac-
tivation originates from charge transfer to the adsorbate.
Bader charge analysis reveals that O2 obtains from the
Pt atom and I atoms nearby as much as 0.64 electrons,
which occupy the anti-bonding pi∗ orbital of the molecule
and thereby, weaken the O−O bond. For comparison,
the O2 adsorption is also investigated at the Pt2@(110),
Pt3@(110), and Pt1@(001) systems (Figs. S4-S6). In Ta-
ble II, the O−O bond lengths and the amounts of charge
carried by O2 are listed. One can see that in all the three
cases, the O−O bond lengths are stretched, and electrons
are transferred to the O2 adsorbate, both manifesting O2
activation. The results indicate that the activation of ad-
sorbed O2 is a general feature of Ptn@MAPbI3 systems,
where Pt behaves as a “bridge” for the charge transfer
toward the adsorbate.
It is known that on Pt surfaces, the adsorption of CO
is much stronger than that of molecular O2. As a re-
sult, the Pt sites are preferentially accommodated by
CO, making O2 adsorption remarkably inhibited. Re-
garding deposited single Pt atoms, there is still no con-
sensus on their catalytic activity toward CO oxidation
[4, 5, 7]. While Pt1 species were demonstrated to be
the active sites [4, 5], Ding and coworkers found a lack
of activity that was attributed to strong CO binding on
Pt1 [7]. As for the Pt1 system investigated here, the
Pt sites might be blocked by CO and thus would not
play a role for the O2 activation. To address this ques-
tion, we calculate the adsorption energies of CO and O2,
with results listed in Table III. Both the initial and the
consecutive adsorption energies are calculated and com-
FIG. 2: Reaction pathway and free-energy profile of CO oxi-
dation at the Pt1@(110) system with temperature and pres-
sure for each gaseous reactant being 298 K and 1 atm, respec-
tively. (top). Configurations of the transition states (TS1-4)
and intermediate states (bottom). A star represents an empty
surface site or indicates an adsorbed species.
pared. For the Pt1@(110) and the Pt1@(001) systems,
the initial adsorption energies of CO are 0.27 eV and
0.33 eV larger, respectively, than the adsorption energies
of O2. It should be noted, however, that such differ-
ences are much smaller than the corresponding value on
the Pt(111) surface, which is above 1 eV [48–50]. The
results indicate that the inhibition of O2 adsorption by
CO is remarkably weakened, which is consistent with re-
cent experiments on other single-atom systems [51, 52].
Furthermore, tackling this inhibition becomes particu-
larly effective when a CO molecule is already adsorbed
at Pt1. One can see that at Pt1@(001), the consecu-
tive adsorption energy of CO is only 0.11 eV larger than
that of O2; whereas on the Pt1@(110) system, it is the
additional O2 molecule, rather than CO, that preferen-
tially adsorbs at the Pt site. Hence, we demonstrate that
on Pt1@MAPbI3, the O2 adsorption as well as its sub-
sequent activation cannot be blocked by CO reactants.
In what follows, we focus on the Pt1@(110) system for
describing the detailed process of the catalytic CO oxi-
dation.
The reaction pathway and the free-energy profile of
the catalytic CO oxidation at Pt1@(110) are presented
in Fig. 2. Here, the standard entropy of small gaseous
molecules (i.e. O2, CO, and CO2), estimated to be 2
meV/K [53], is accounted for in their adsorption and des-
4orption. No zero-point energy correction is included in
the energy profile, since for the reaction 2CO + O2 →
2CO2, its value of 0.25 eV [54] is negligible compared with
the total-energy release of 6.43 eV (DFT energy). From
the reaction pathway, one can see that the Pt1 site is first
occupied by a CO molecule, followed by the adsorption
of O2 (O−O bond length of 1.33 A˚), which is consistent
with the adsorption energies in Table III. Here, two Pt-I
bonds are broken upon the adsorption of CO and O2,
leaving the Pt1 site bound with only two iodine anions.
It is worth noting that breaking the remaining two Pt-I
bonds via successive adsorption of CO and O2 is ener-
getically highly unfavorable, which indicates that the Pt
atom can be stabilized by the MAPbI3 host. The O2 and
CO adsorbates then move toward each other and combine
into an OCOO complex after overcoming an energy bar-
rier of 0.58 eV (via TS1). In the complex, the O-O bond
is further elongated to 1.51 A˚ and easily breaks by cross-
ing the second barrier of 0.35 eV (via TS2), generating
an O atom and a CO2 molecule. After the desorption
of CO2, another CO molecule adsorbs at the Pt1 site,
and then, together with the O atom, forms a bent OCO
complex by crossing a barrier of 0.39 eV (via TS3). Ac-
companied by overcoming the fourth barrier of 0.19 eV
(via TS4), the OCO complex becomes straight and de-
taches, leaving the Pt1 site available for another round
of CO oxidation.
For the MAI-terminated (110) substrate, the Pt single
atom could also replace an iodine atom at the outermost
layer. The different chemical environment on the surface
may affect the deposition and the catalytic properties of
the Pt1 species. To explore this issue, first-principles cal-
culations were performed where detailed results are pre-
sented in the Supplemental Material [47]. In this case,
the adsorption energies of a Pt and an I atom on the
host are -4.29 eV and -3.68 eV, respectively, indicating
that Pt1 can substitute the iodine species on the surface.
Upon such substitution, the Pt single atom binds to one
Pb and one I atom (left panel of Fig. S7), behaving as an
adsorption site for O2 and CO molecules. It is interesting
that the initial adsorption energies of O2 and CO on such
Pt atom are -2.73 eV and -2.33 eV, respectively, mean-
ing that the inhibition of O2 adsorption by CO no longer
exists. Moreover, upon O2 adsorption, the molecule car-
ries 0.88 extra electrons and its O-O bond increases from
1.24 A˚ to 1.43 A˚. Thus, the preferential adsorption and
subsequent activation of O2 molecules still hold. A prob-
lem of the Pt single atom by replacing iodine is the too
strong interaction with the adsorbates, which may hin-
der the desorption of reaction products like CO2. Such
strong interaction comes from a lower coordination num-
ber (CN = 2) and a more negative charge (q = -0.63 e)
of Pt1, compared with the corresponding values (CN =
4; q = -0.13 e) in the case of replacing MA. In experi-
ments, the substitution of Pt single atoms could be se-
lectively achieved by tuning the reaction conditions that
can change the chemical potentials of both iodine atoms
and MA groups.
From the bottom right part of the free-energy profile
in Fig. 2, one can see that the adsorption of CO2 and the
formation of the OCO complex can take place by crossing
a low barrier of 0.31 eV (vis TS4). The bent configura-
tion as well as the negative charge of 0.55 e− carried by
the OCO complex demonstrates the activation of CO2,
which corresponds to the initial step of its reduction [55].
Reactive hydrogen atoms generated at the neighboring
Pt1 sites, possibly via feasible H2 dissociation [56], are
expected to spillover [57] and hydrogenate the CO2 ad-
sorbates, making the Pt1@(110) system a potential cat-
alyst toward thermal reduction of CO2 [58]. In addition,
since MAPbI3 is a photoactive material, the electrons
that are excited to the conduction band under illumina-
tion may transfer to the Pt1 sites and trigger processes of
CO2 photoreduction [59]. One possible drawback of the
material may be related to its long-term sustainability,
since HOIPs suffer from decomposition under external
stimulus like humidity, light, and heat [32]. It should
be noted, however, that HOIPs have indeed been em-
ployed as catalysts for chemical reactions [20–24], which
means that the obstacles to the materials’ stability can
be overcome. Moreover, significantly enhanced stability
of perovskites has been achieved in experiments through
compositional engineering by doping different halides or
cations [60, 61], through shape engineering by employ-
ing two-dimensional phases [62, 63], and through inter-
facial engineering by crystal-crosslinking [64] or form-
ing heterostructures [65]. For practical applications in
(photo)catalysis, breakthroughs in the stability of HOIPs
may be still required, but could be expected considering
the tremendous ongoing research efforts.
To conclude, by performing first-principles calcula-
tions, we have shown that methylammonium lead iodide
could be used as a substrate for single-atom catalysts.
By replacing the surface MA groups, isolated Pt single
atoms can be implanted and bound by four I− anions,
which provide potentially uniform anchoring sites. At
the Pt1 sites, inhibition of O2 adsorption by CO is effec-
tively tackled. Charge transfer toward the O2 adsorbate
results in its activation that is not sensitive to Pt atom-
icity or MAPbI3 orientation. The supported Pt single
atoms are able to catalyze CO oxidation, and may play
a role in CO2 (photo)reduction reactions. With these
findings, we demonstrate the potential application of hy-
brid perovskites as supporting templates for single-atom
catalysts.
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